Introduction {#sec1}
============

Thyroid cancer (TC) is the most common endocrine malignancy.[@bib1] Papillary TC (PTC) is the main histologic type and accounts for 80%--85% of all cases of TC.[@bib2] Most PTC patients are curable and have a favorable prognosis with the current therapeutic regimen that includes surgical resection, thyroid hormone suppression, and radioactive iodine therapy.[@bib3] Nevertheless, a small proportion of PTC cases have a poor prognosis, due to some clinicopathological characteristics, such as large primary tumor, lymph node metastasis, and distant metastasis.[@bib4] Hence, it is significant to investigate new factors that affect the diagnosis and pathogenesis of PTC.

In recent years, circular RNAs (circRNAs) that are mainly transcribed from the genomic intergenic regions have become a research focus in cancers transcriptome.[@bib5], [@bib6], [@bib7], [@bib8] Most circRNAs are derived from the gene's exon region, but also a small portion are formed by intron cleavage. The oncogenic or tumor-suppressive role of circRNAs has been well characterized in tumorigenesis.[@bib9]^,^[@bib10] They have been demonstrated to be participants in various biological processes by different mechanisms.[@bib11], [@bib12], [@bib13] Nonetheless, it remains to be demonstrated whether circRNAs function in PTC.

Here, we profiled the circRNA expression of PTC tumors in order to improve our understanding of the pathogenesis of PTC, as well as to identify potential circRNA biomarkers for PTC. Using circRNA microarray profiling, we found the top 30 upregulated circRNAs in PTC samples. Among these candidates, we found that the expression of circFOXM1 is markedly elevated both in PTC tissues and cell lines. Silencing circFOXM1 suppressed PTC cell growth both *in vitro* and *in vivo*. We further demonstrated that circFOXM1 may act as a sponge of miR-1179 to upregulate the level of high-mobility group box 1 (HMGB1) and therefore promote PTC development. Our findings will provide new insights into the regulatory mechanisms of circFOXM1 in PTC progression.

Results {#sec2}
=======

Expression Profiling of circRNAs in Patients with PTC {#sec2.1}
-----------------------------------------------------

The differentiated circRNAs between the PTC and paired nontumorous samples with statistical criteria were determined through fold change (FC) and p value (FC \< 2.0; p value \< 0.05). Finally, 1,137 significantly differentially expressed circRNAs were identified. In contrast to the paired nontumorous samples, a total of 678 circRNAs were markedly upregulated, and 459 were significantly downregulated in the PTC group, as shown by a cluster heatmap ([Figure 1](#fig1){ref-type="fig"}A). Among the 1,137 differentially expressed circRNAs, 358, including 166 upregulated ones and 192 downregulated ones, were verified as novel circRNAs; 779 circRNAs, including 458 upregulated and 321 downregulated ones, had been identified beforehand and listed in the circRNA database (circBase; <http://www.circbase.org>) ([Figure 1](#fig1){ref-type="fig"}B). The 1,137 identified circRNAs were divided into five different categories on the basis of the way they were produced. Exonic circRNAs, consisting of the protein-encoding exons, accounted for 73.18% (832/1,137); intronic circRNAs from intron lariats comprised 9.06% (103/1,137); sense-overlapping circRNAs that originated from exon and other sequence circRNAs comprised 17.41% (198/1,137); and intergenic circRNAs composed of unannotated sequences of the gene and antisense circRNAs originating from antisense regions equally comprised 0.35% (4/1,137) ([Figure 1](#fig1){ref-type="fig"}C).Figure 1De-regulated circRNAs in PTC Tumor Tissues(A) The heatmap showed the top ten most increased and decreased circRNAs in PTC tissues as compared to that in the matched nontumor tissues analyzed by circRNA ArrayStar ChIP. (B) Of the 1,137 circRNAs with significant different expression, 678 markedly upregulated circRNAs and 459 notably downregulated circRNAs were identified. Among them, there were 358 novel circRNAs (red) and 799 circRNAs (green) that had been identified before. (C) The number of upregulated (red) and downregulated (green) circRNAs according to their categories of formation mode. (D) The level of hsa_circ_0011058 was significantly increased in tumor tissues as compared to that in matched nontumor tissues of 78 pairs of PTC patients; \*\*\*p \< 0.001. (E) The level of hsa_circ_0078738 was significantly increased in tumor tissues as compared to that in matched nontumor tissues of 78 pairs of PTC patients; \*\*\*p \< 0.001. (F) The level of hsa_circ_0049055 was significantly increased in tumor tissues as compared to that in matched nontumor tissues of 78 pairs of PTC patients; \*\*\*p \< 0.001. (G) The level of hsa_circ_0025033 was significantly increased in tumor tissues as compared to that in matched nontumor tissues of 78 pairs of PTC patients; \*\*\*p \< 0.001. (H) The level of hsa_circ_0059354 was not significantly increased in tumor tissues as compared to that in matched nontumor tissues of 78 pairs of PTC patients.

The 10 most de-regulated circRNAs were deposited in circBase, including 5 circRNAs that ranked in the top upregulated circRNAs (circ_0011058, circ_0078738, circ_0049055, circ_0059354, and circ_0025033) and 5 most downregulated circRNAs (circ_0067103, circ_0041124, circ_0015278, circ_0043951, and circ_0050707) that were selected for validation by qRT-PCR using 78 PTCs and paired nontumorous tissue samples. As shown in [Figures 1](#fig1){ref-type="fig"}D--1H, except for circ_0059354, the circRNAs displayed a consistent expression level between the microarray and qRT-PCR analyses. There was an increasing trend in circ_0025033 levels from nontumorous tissues to PTC tissues, with more than 10 FC from the microarray analysis. According to the human reference genome, we further termed circ_0025033 (located at chr12: 2966846-2983691, is derived from gene FOXM1) as "circFOXM1."

circFOXM1 Was Upregulated in PTC Tissues and Cell Lines {#sec2.2}
-------------------------------------------------------

The expression of circFOXM1 was measured by qRT-PCR in 78 pairs of PTC and matched adjacent nontumor tissues. The results suggested that circFOXM1 was also found to be significantly upregulated in 78 PTC tissues compared to matched adjacent nontumor tissues (p \< 0.01; [Figure 2](#fig2){ref-type="fig"}A). Furthermore, the relative higher level of circFOXM1 was determined in patients with distant metastasis compared to those without metastasis stage (p \< 0.01; [Figure 2](#fig2){ref-type="fig"}B). Using the median expression level of circFOXM1 as a cutoff value, we divided the 78 PTC patients into low- and high-expression groups. Statistical analyses showed that the level of circFOXM1 was significantly associated with tumor size (p = 0.001), TNM stage (p = 0.002), lymph node metastasis (p = 0.002), and nodular Goiter (p = 0.009) ([Table 1](#tbl1){ref-type="table"}). The similar results were also observed in PTC cell lines. Consistently, the expression level of circFOXM1 was found to be higher in PTC cell lines compared to human normal thyroid epithelium cell Nthy-ori 3-1 (p \< 0.01; [Figure 2](#fig2){ref-type="fig"}C). K1 cells exhibited the relative lowest expression level of circFOXM1, whereas TPC-1 cells presented the highest expression level of circFOXM1. On the basis of this result, TPC-1 cells were selected for the following circFOXM1 loss-of-function assay, whereas K1 cells were selected for gain-of-function assay. These data indicated that circFOXM1 might be a participant in tumorigenesis of PTC.Figure 2circFOXM1 Was Upregulated in PTC Tissues and Cell Lines(A) The level of circFOXM1 was significantly increased in tumor tissues as compared to that in matched nontumor tissues of 78 pairs of PTC patients; \*\*\*p \< 0.001. (B) The level of circFOXM1 was significantly increased in PTC patients with distant metastasis compared to those without metastasis stage; \*\*p \< 0.01. (C) The qRT-PCR assay indicated that the expression level of circFOXM1 in PTC cell lines was generally higher than that in the human normal thyroid epithelium cell Nthy-ori 3-1; \*\*p \< 0.01.Table 1Relationship between circFOXM1 Expression and the Clinical Pathological Characteristics of PTC PatientsCharacteristicscircFOXM1Expressionp ValueLow (n = 39)High (n = 39)**Gender**Male27190.106Female1220**Age**≤4516210.364\>452318**Tumor Size (cm**^**3**^**)**≤328130.001\>31126**TNM Stage**I/II2312III/IV16270.022**N-stage**N02918N110210.020**Nodular Goiter**Negative2190.009Positive1830

Confirmation of Subcellular Localization of circFOXM1 {#sec2.3}
-----------------------------------------------------

We investigated the stability and localization of circFOXM1 in TPC-1 cells. Total RNAs from TPC-1 cells were isolated at the indicated time points after treatment with actinomycin D, an inhibitor of transcription. Analysis for stability of circFOXM1 and FOXM1 in TPC-1 cells treated with actinomycin D, an inhibitor of transcription, revealed that the half-life of circFOXM1 transcript exceeded 24 h, with more stability than FOXM1 ([Figure 3](#fig3){ref-type="fig"}A). Furthermore, we found that circFOXM1 was resistant to RNase R digestion ([Figure 3](#fig3){ref-type="fig"}B). These data confirmed that circFOXM1 was a circRNA. We then investigated the localization of circFOXM1. qRT-PCR of RNAs from nuclear and cytoplasmic fractions indicated that circFOXM1 was predominantly localized in the cytoplasm of TPC-1 cells ([Figure 3](#fig3){ref-type="fig"}C). Collectively, the above data suggested that circFOXM1 harbored a loop structure and was predominantly localized in the cytoplasm.Figure 3circFOXM1 Promotes Cell Proliferation of PTC *In Vitro*(A) qRT-PCR for the abundance of circFOXM1 and FOXM1 in TPC-1 cells treated with actinomycin D at the indicated time point. The error bars represent SD (n = 3). (B) qRT-PCR for the expression of circFOXM1 and FOXM1 mRNA in TPC-1 cells treated with or without RNase R. The results indicated that circFOXM1 was resistant to RNase R digestion. (C) Levels of circFOXM1 in the nuclear and cytoplasmic fractions of TPC-1 cells. The results showed that circFOXM1 was predominantly localized in the cytoplasm. Data are listed as mean ± SD of at least three independent experiments. \*\*p \< 0.01. (D) CCK8 assay showed that circFOXM1 knockdown significantly repressed cell proliferation of TPC-1 cells; \*\*p \< 0.01. (E) CCK8 assay showing that overexpression of circFOXM1 promoted the proliferation of K1 cells. (F) Colony-formation assay showed that the knockdown of circFOXM1 significantly restrained the proliferation of TPC-1 cells. (G) Colony-formation assay showed that the ectopic expression of circFOXM1 significantly promoted the proliferation of K1 cells. (H) The flow cytometry analysis showed that circFOXM1 knockdown led to an arrest in the G1 phase of TPC-1 cells; \*\*p \< 0.01. (I) The flow cytometry analysis showed that overexpression of circFOXM1 decreased the G0/G1-phase percentage of K1 cells; \*\*p \< 0.01.

circFOXM1 Promotes Cell Proliferation of PTC *In Vitro* {#sec2.4}
-------------------------------------------------------

To explore the effects of circFOXM1 in PTC progression, we performed loss-of-function experiments on PTC cell lines. We designed circFOXM1-specific small interfering RNAs (siRNAs) targeting the backsplice sequence (respectively, si-circFOXM1\#1, si-circFOXM1\#2, or si-circFOXM1\#3) or the sequence only in the linear transcript (si-FOXM1). As expected, siRNA directed against the backsplice sequence knocked down only the circular transcript and did not affect the expression of linear species, and siRNA targeting the sequence in the linear transcript knocked down only the linear transcript and did not affect the expression of the circular transcript in TPC-1 cells (p \< 0.01; [Figures S1](#mmc1){ref-type="supplementary-material"}A--S1D). Due to the highest efficiency of interference, si-circFOXM1\#1 was chosen for the subsequent experiments, and the sequence was used to establish lentiviral-mediated, stable circFOXM1-silencing cell lines. Meanwhile, we constructed circFOXM1-overexpressing K1 cells, and we verified that they could specifically increase circFOXM1 expression but not that of the unspliced precursor (p \< 0.01; [Figures S1](#mmc1){ref-type="supplementary-material"}E and S1F).

Cell-Counting Kit 8 (CCK8) and colony-formation assays showed that downregulation of circFOXM1 led to the decreased cell viability and proliferation of TPC-1 cells, whereas overexpression of circFOXM1 efficiently enhanced cell viability and proliferation of K1 ([Figure 3](#fig3){ref-type="fig"}D--3G; p \< 0.01). Knockdown of circFOXM1 caused significant G1-phase cell-cycle arrest of TPC-1 cells (p \< 0.01; [Figure 3](#fig3){ref-type="fig"}H). Enhanced circFOXM1 expression increased the S-phase percentage and decreased the G0/G1-phase percentage of K1 cells (p \< 0.01; [Figure 3](#fig3){ref-type="fig"}I). The collective findings suggested that circFOXM1 promotes cell proliferation of PTC by facilitating DNA synthesis.

circFOXM1 Has No Effect on Its Linear Transcript {#sec2.5}
------------------------------------------------

Some circRNAs regulate the expression and function of the corresponding linear transcripts. Therefore, the regulatory relationship between circFOXM1 and its linear transcript (FOXM1) was investigated in this study. We first analyzed The Cancer Genome Atlas Thyroid Cancer (TCGA-THCA) data and found that the level of FOXM1 was not significantly higher in 512 THCA tissues than 337 normal tissues ([Figure 4](#fig4){ref-type="fig"}A). Kaplan-Meier survival analysis from TCGA-THCA datasets suggested that FOXM1 expression is not significantly associated with worse overall survival (OS) (log-rank test, p = 0.25; [Figure 4](#fig4){ref-type="fig"}B); however, high expression of linear mRNA of FOXM1 is significantly associated with disease-free survival (DFS) of THCA patients (log-rank test, p = 0.0065; [Figure 4](#fig4){ref-type="fig"}C). The protein levels of FOXM1 did not change when the expression of circFOXM1 was artificially changed in PTC cells ([Figure 4](#fig4){ref-type="fig"}D). These data indicated that FOXM1 is not the target gene of circFOXM1.Figure 4circFOXM1 Has No Effect on Its Linear Transcript(A) FOXM1 expression in Thyroid Cancer (THCA) tissues and normal samples from the Cancer Genome Atlas Thyroid Cancer (TCGA-THCA) data. FOXM1 was not significantly higher in 512 THCA tissues than 337 normal tissues. (B) Kaplan-Meier analyses of the correlations between FOXM1 expression and overall survival (OS) of THCA patients from the TCGA-THCA dataset. (C) Kaplan-Meier analyses of the correlations between FOXM1 expression and disease-free survival (DFS) of THCA patients from the TCGA-THCA dataset. (D) The western blot assay indicated that circFOXM1 knockdown did not change the protein level of FOXM1.

circFOXM1 Promoted PTC Cell Growth *In Vivo* {#sec2.6}
--------------------------------------------

To explore further the effects of circFOXM1 on PTC tumor formation *in vivo*, TPC-1 cells stably transfected with short hairpin (sh)-circFOXM1\#1 or sh-negative control (NC) were separately injected into nude mice. 28 days later, the tumors were removed and calculated. Our result demonstrated that silence of circFOXM1 significantly decreased tumor volumes and weights (p \< 0.01; [Figures 5](#fig5){ref-type="fig"}A and 5B). Finally, immunohistochemical staining indicated that KI-67 positivity in the sh-circFOXM1\#1 group was significantly lower in the sh-NC group ([Figure 5](#fig5){ref-type="fig"}C).Figure 5circFOXM1 Promoted PTC Cell Growth *In Vivo*(A) circFOXM1 knockdown inhibits tumor growth *in vivo*. The tumor volume curve of nude mice was analyzed. (B) The tumor weights of nude mice were measured. (C) Immunohistochemistry (IHC) analyses were performed to examine the expression levels of proliferation marker Ki-67 in tumors of nude mice. **\*\***p \< 0.01.

These results demonstrated that circFOXM1 can promote the growth of PTC *in vivo*.

circFOXM1 Acts as a Molecular Sponge for miR-1179 in PTC Cells {#sec2.7}
--------------------------------------------------------------

We detected the intracellular location of circFOXM1 and found that this circRNA was predominantly localized in the cytoplasm, which indicates that it might function as a microRNA (miRNA) sponge. Therefore, we used the StarBase v2.0 target prediction tool to find 36 potential miRNAs that could bind to circFOXM1 ([Supplemental Information: Data 1](#mmc2){ref-type="supplementary-material"}). To figure out the miRNA implicated in PTC, all candidate miRNAs were subjected to the circ-RNA immunoprecipitation (RIP) assay. The results demonstrated the interaction of only miR-1179 with circFOXM1 ([Figure 6](#fig6){ref-type="fig"}A). Therefore, we used Circular RNA Interactome (<https://circinteractome.nia.nih.gov/>) to predict the potential circRNA/miRNA interaction. In addition, binding sites for miR-1179 were found within the circFOXM1 sequence ([Figure 6](#fig6){ref-type="fig"}B). A subsequent luciferase reporter assay revealed that the luciferase intensity was reduced after the cotransfection of the wild-type (WT) luciferase reporter and miR-1179 mimics, whereas the mutated luciferase reporter exerted no such effect ([Figure 6](#fig6){ref-type="fig"}C, p \< 0.01). In a further RIP experiment, circFOXM1 and miR-1179 simultaneously existed in the production precipitated by anti-argonaute 2 (AGO2) ([Figure 6](#fig6){ref-type="fig"}D, p \< 0.01), which indicates that circFOXM1 directly interacts with miR-1179 and could act as a sponge for miR-1179. To confirm functionally that circFOXM1 promotes PTC progression by sponging miR-1179, we transfected miR-1179 mimics into circFOXM1-overexpressing cells to examine whether the tumor-promoting effect of circFOXM1 overexpression could be reversed by miR-1179 upregulation. The results showed that miR-1179 upregulation could significantly reverse the circFOXM1 overexpression-mediated promotion of proliferation TPC-1 cells ([Figure 6](#fig6){ref-type="fig"}E, p \< 0.01). These data suggested that circFOXM1 might exert its functions by sponging miR-1179 in PTC.Figure 6circFOXM1 Acts as a Molecular Sponge for miR-1179 in PTC Cells(A) The circRIP assay showed the interaction of only miR-1179 with circFOXM1. (B) Binding sequence between miR-1179 and circFOXM1. (C) Dual luciferase reporter showed significant reduction of luciferase activity of the wild type (WT), and luciferase activity is restored by the mutant sequence. (D) The RIP experiment showed that miR-1179 and circFOXM1 simultaneously existed in the production precipitated by anti-AGO2. (E) miR-1179 mimics significantly reversed circFOXM1 overexpression-mediated promotion of proliferation of TPC-1 cells.

HMGB1 Was a Direct Target of miR-1179 {#sec2.8}
-------------------------------------

To validate whether circFOXM1 sponges miR-1179 and liberates the expression of its downstream target, we searched TargetScan for potential target genes of miR-1179, and HMGB1 was predicted ([Figure 7](#fig7){ref-type="fig"}A). A subsequent luciferase reporter assay revealed decreased luciferase intensity after cotransfection of miR-1179 mimics and the WT luciferase reporter, whereas the mutated luciferase reporter exerted no such effect ([Figure 7](#fig7){ref-type="fig"}B). The immunohistochemistry results showed that HMGB1 expression in PTC specimens was significantly upregulated compared with that in the adjacent normal tissues (p \< 0.001; [Figure 7](#fig7){ref-type="fig"}C). Furthermore, circFOXM1 knockdown could suppress HMGB1 expression, whereas a miR-1179 inhibitor attenuated the effect of inhibition of circFOXM1 ([Figures 7](#fig7){ref-type="fig"}D and 7E). These data further demonstrated the regulatory network of circFOXM1/miR-1179/HMGB1.Figure 7HMGB1 Was a Direct Target of miR-1179(A) Bioinformatics analysis revealed the predicted binding sites between HMGB1 and miR-1179. (B) Luciferase reporter assay demonstrated that miR-1179 mimics significantly decreased the luciferase activity of HMGB1-WT in TPC-1 cells. (C) IHC assay indicated that the expression of HMGB1 was significantly upregulated in PTC tissues compared with adjacent nontumorous tissues. (D) circFOXM1 knockdown could suppress HMGB1 mRNA expression, whereas a miR-1179 inhibitor attenuated the effect of inhibition of circFOXM1. (E) circFOXM1 knockdown could suppress HMGB1 protein expression, whereas a miR-1179 inhibitor attenuated the effect of inhibition of circFOXM1.

Discussion {#sec3}
==========

circRNAs are often aberrantly expressed in cancer tissues and have been reported to regulate various human cancers.[@bib14], [@bib15], [@bib16] In this present study, we analyzed the expression profiles of circRNAs from PTC and matched nontumor normal tissues by microarray, focused on the expression of circFOXM1, and further investigated the function and molecular mechanism by which circFOXM1-miRNA modulated TC cell and tumor growth. Furthermore, the possible downstream signaling was also verified. Taken together, we provided a novel experimental basis for targeted therapy for TC from the aspect of the circRNA-miRNA-mRNA interaction.

circFOXM1 (hsa_circ_0025033) is a recently identified cancer-associated circRNA that is located at chr12: 2966846-2983691. The spliced length of circFOXM1 is 3410 nt. We found that circFOXM1 was significantly elevated in PTC tissues and cell lines compared with normal tissues and the Nthy-ori 3-1 cell line. Elevated expression of circFOXM1 was positively correlated with tumor size, tumor stage, and poor lymph node metastasis. Gain-of-function experiments revealed that ectopic expression of circFOXM1 promoted proliferation and inhibited apoptosis of PTC cells. Loss-of-function experiments revealed that knockdown of circFOXM1 inhibited proliferation and promoted apoptosis of PTC cells. In addition, xenograft experiments showed that circFOXM1 promoted PTC xenograft growth *in vivo*.

It has been widely regarded that circRNA-miRNA-mRNA interactions play a crucial role in tumorigenesis.[@bib17], [@bib18], [@bib19] We used the StarBase v2.0 target prediction tool to find 36 potential miRNAs that could bind to circFOXM1 ([Data S1](#mmc2){ref-type="supplementary-material"}). The results of the circRIP assay demonstrated the interaction of only miR-1179 with circFOXM1. miRNAs are noncoding RNAs and contribute to multiple cellular processes in cancer cell proliferation and metastasis. They may act as a tumor suppressor or oncogene by regulating gene transcription.[@bib20] In the present study, downregulation of miR-1179 with a miR-1179-specific inhibitor reversed the circFOXM1 silencing-induced inhibition of cell growth. These findings suggested that circFOXM1 acts as "miRNA sponge," interacting with miR-1179 and suppressing the activation of miR-1179, as confirmed by the luciferase reporter assay.

Bioinformatics analysis showed that miR-1179 interacted with the 3′ UTR of HMGB1 and suppressed HMGB1 expression at the post-transcriptional level, which was confirmed by the results of the luciferase reporter assay. HMGB1 is a ubiquitous chromatin component expressed in mammalian cells, which is involved in transcription regulation.[@bib21] Increasing evidence has demonstrated that HMGB1 plays an important role in cancer progression via modulating the transcription of cancer-associated genes.[@bib22]^,^[@bib23] Overexpression of HMGB1 is observed in a variety of human cancers. The immunohistochemistry results showed that HMGB1 expression in PTC specimens was significantly upregulated compared with that in the adjacent normal tissues. These results suggest that HMGB1 has a tumor-promoting function. Taken together, these findings indicate that the miR-1179/HMGB1 pathway plays a tumor-suppressor role in PTC.

In this study, the relationship between circFOXM1 and disease severity suggests that circFOXM1 plays a critical role in the development of PTC. We demonstrate that circFOXM1 functions as an oncogene to regulate PTC cell proliferation positively. Inverse correlation and perfect binding sequences between elevated circFOXM1 and reduced miR-1179 indicate that circFOXM1 may be involved in the pathogenesis of PTC via sponging miR-1179. Thus, our data enhance our understanding of circRNA biology and may assist in the development of additional biomarkers or more effective therapeutic targets for PTC.

Materials and Methods {#sec4}
=====================

Clinical Specimens {#sec4.1}
------------------

PTC tumor and normal tissues were obtained from patients who were diagnosed with PTC and who had undergone surgery at The Second Affiliated Hospital of Zhejiang University School of Medicine between 2014 and 2018. In total, 78 pairs of tissue samples were freshly frozen in liquid nitrogen and stored at −80°C until RNA extraction. 78 Pairs of paraffin samples of these PTC patients were recruited in this study, and their paired cancerous and noncancerous tissue blocks were collected. Serum samples were collected from 78 PTC patients and 45 healthy donors. All patients provided written, informed consent in accordance with the Declaration of Helsinki. The procedures in the study were scrutinized and approved by the Medical Ethics Committee of The Second Affiliated Hospital of Zhejiang University School of Medicine.

Cell Culture and Transfection {#sec4.2}
-----------------------------

Human PTC cell lines K1, IHH-4, BCPAP, and TCP-1 and human thyroid follicular epithelial cells Nthy-ori 3-1 were obtained from Shanghai Institute of Cell Biology (Shanghai, China) and were cultured in RPMI-1640 medium (HyClone, Logan, UT, USA) with 10% fetal bovine serum (FBS) and 1% antibiotics (both from Gibco-BRL, Gaithersburg, MD, USA).

To assess circFOXM1 expression, siRNA against the circFOXM1 vector was constructed by GenePharma. Then, PTC cells were transfected with the circFOXM1 downregulation vector at 50 nM by using Lipofectamine 2000 (Invitrogen). To assess miR-1179 expression, a miR-1179 overexpression vector (miR-mimic) and NC (miR-NC) were created by GenePharma. PTC cells were then transfected with either the miR-1179 overexpression construct or miR-NC at 50 nM by using Lipofectamine 2000 (Invitrogen). Cells were used for miR-1179 expression analysis or other experiments after 48 h of transfection. For miR-1179 inhibition, PTC cells were treated with the miR-1179 inhibitor for 48 h before miR-1179 expression analysis or other experiments. All steps were performed according to the manufacturer's instructions.

Analyzing the circRNA Expression Profile {#sec4.3}
----------------------------------------

Five matched PTC and adjacent noncancerous tissues were analyzed using the circRNA chromatin immunoprecipitation (ChIP). The microarray hybridization and collection of data were performed (ArrayStar Human circRNA ChIP; ArrayStar, Rockville, MD, USA). The five most up- and downregulated circRNAs and their hierarchical clustering analysis were performed based on their expression value using the Cluster and TreeView programs.

TCGA Dataset Analysis {#sec4.4}
---------------------

The data and the corresponding clinical information of patients were collected from TCGA database (<http://cancergenome.nih.gov/>). We used the edgeR package of R packages to perform the difference analysis (<http://www.bioconductor.org/packages/release/bioc/html/edgeR.html>) and used the pheatmap package of R packages to perform the cluster analysis (<https://cran.r-project.org/web/packages/pheatmap/index.html>). Sva R package was used to remove the batch effect. Genes with adjusted p values \< 0.05 and absolute FCs \> 1.5 were considered differentially expressed genes. Kaplan-Meier survival curves were drawn to analyze the relationships between genes and OS in the survival package. The corresponding statistical analysis and graphics were performed in R software (R version 3.3.2).

RNA Extraction and qRT-PCR {#sec4.5}
--------------------------

The total RNA was isolated from tissues and cell lines using TRIzol reagent (Invitrogen, CA, USA), according to the manufacturer's protocol. For circRNAs, RNase R was used to degrade linear RNA, which has poly(A), and amplified by divergent primer. cDNA was synthesized from 1 μg of total RNA in 21 μL reaction volumes using oligo(dT) 18 primers and SuperScript reverse transcriptase. PCR amplification was carried out with Taq DNA Polymerase (TaKaRa, Tokyo, Japan) using 1 μL of the first-strand cDNA as template. The amplification reactions were run with 30 thermocycles of 30 s at 94°C, 30 s at 55°C, and 30 s at 72°C. β-Actin was used as an endogenous control. For miR-1179 analysis, miRNA was treated with DNase I to eliminate genomic DNA, and cDNA was synthesized by the Mir-X miR First-Strand Synthesis Kit (TaKaRa). SYBR Premix Ex TaqII (TaKaRa) was used for qRT-PCR. The expression was normalized to RNU6-2. The expression levels were calculated by the 2^˗ΔΔCT^ method.

Actinomycin D and RNase R Treatment {#sec4.6}
-----------------------------------

To block transcription, 2 mg/mL actinomycin D or dimethylsulphoxide (Sigma-Aldrich, St. Louis, MO, USA) as a negative control was added into the cell culture medium. For RNase R treatment, total RNA (2 μg) was incubated for 30 min at 37°C, with or without 3 U/μg of RNase R (Epicenter Technologies, Madison, WI, USA). After treatment with actinomycin D and RNase R, qRT-PCR was performed to determine the expression levels of circFOXM1 and FOXM1 mRNA.

CCK8 Assays {#sec4.7}
-----------

Cell proliferation was assessed using CCK8 assays. In brief, 4,000 cells/well were plated in 96-well plates. After culture for 0, 24, 48, and 72 h, cell viability was measured using CCK8 (Dojindo, Kumamoto, Japan). The cell growth curves were plotted using the absorbance values at 450 nm at each time point.

Colony-Formation Assays {#sec4.8}
-----------------------

Transfected cells were plated in 10 cm dishes and were fixed in 1% paraformaldehyde after incubation for 6 days. After staining with 0.1% crystal violet, colonies (\>50 cells) were enumerated and imaged under a light microscope. The experiments were performed at least three times independently in triplicate.

Cell-Cycle Analysis {#sec4.9}
-------------------

Cells for cell-cycle analysis were stained with propidium oxide by the CycleTEST Plus DNA Reagent Kit (BD Biosciences) following the protocol and analyzed by FACScan. The percentage of the cells in the G0-G1, S, and G2-M phases was counted and compared.

Western Blot Analysis {#sec4.10}
---------------------

Equal protein was separated on the 10% sodium dodecyl sulfate (SDS)-PAGE gel and transferred to the nitrocellulose membrane (Bio-Rad, China). After treatment with nonfat milk, the membrane was incubated with primary antibodies (HMGB1; Abcam, USA). After being washed three times, anti-mouse secondary antibodies were added to the membrane. The membrane was then visualized using enhanced chemiluminescence.

Immunohistochemistry {#sec4.11}
--------------------

For each patient sample, three paraffin sections of 5 μm were prepared: one for hematoxylin and eosin (H&E staining and the other two for immunohistochemical staining. PBS, instead of primary antibodies, was used for negative control, and the breast cancer tissue was used for positive control. Sections were de-waxed using xylene, followed by hydration with ethanol solutions and addition of EDTA for antigen retrieval. Later, sections were blocked with normal goat serum for 30 min to eliminate HMGB1 polyclonal antibody (1:100; Abcam, Cambridge, MA, USA). Sections were then incubated with biotin-labeled secondary antibodies for 30 min at room temperature, followed by staining with diaminobenzidine (DAB). Finally, the sections were counterstained with hematoxylin. The result of staining was determined by two doctors who did not know the clinical condition of patients. The proportions of positive cells of 0%, 1%--5%, 6%--25%, 26%--75%, and 76%--100% were assigned with scores of 0, 1, 2, 3, and 4, respectively. Scores of 0--2 were considered as negative expression, and scores of 3--4 were considered as positive expression.

Xenografts in Mice {#sec4.12}
------------------

Approximately 1 × 10^6^ cells were injected subcutaneously into the right neck of male BALB/C nude mice (age, 4--6 weeks; weight, 18--22 g, five mice per group), purchased from SLACCAS (Shanghai Laboratory Animal Center, CAS, Shanghai, China). The length and width of tumor xenografts were measured weekly by vernier calipers, and the tumor volume was calculated using the following formula: volume (cubic millimeters) = 0.5 × width^2^ × length. Six weeks after injection, the mice were killed by cervical dislocation. All experimental procedures were taken place at the animal center of The Second Affiliated Hospital of Zhejiang University School of Medicine and approved by the Animal Care and Use Committee of The Second Affiliated Hospital of Zhejiang University School of Medicine, and animal experiments were performed following the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Luciferase Reporter Assay {#sec4.13}
-------------------------

The luciferase assay was performed in TPC-1 cell lines. Cells were seeded into 24-well plates in triplicate. After 24 h, the cells were transfected with pmirGLO-circFOXM1-WT (or pmirGLO-circFOXM1-Mut) or pmirGLO-HMGB1-WT (or pmirGLO-HMGB1-Mut) and miR-1179 mimic or miR-NC using Lipofectamine 3000 (Invitrogen). Luciferase activity was measured in cell lysates 24 h after transfection using a Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA).

RIP {#sec4.14}
---

According to the manufacturer's protocol, RIP was performed in PTC cells 48 h after transfection with the miR-1179 overexpression construct or miR-NC using the Magna RIP RNA Binding Protein Immunoprecipitation Kit (Millipore). Cells (1 × 10^7^) were lysed in RNA lysis buffer, and then the cell lysate was conjugated to magnetic beads conjugated to human anti-AGO2 antibody (Millipore) or control mouse immunoglobulin G (IgG) (Millipore) in RIP buffer. The samples were incubated with proteinase K (Gibco, Grand Island, NY, USA), and RIP was isolated. The extracted RNA was examined by reverse-transcription PCR to investigate the enrichment of circFOXM1.

Statistical Analysis {#sec4.15}
--------------------

Statistical analysis was determined by using SPSS software (version 18.0; IBM, Chicago, IL, USA). The significance of differences between groups was analyzed by one-way ANOVA or Student's t test. A p value \< 0.05 was considered significant.
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